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AN EXPERIMENTAL INVESTIGATION OF 
aIETHODS of MAGNETIC TESTING.
I Introduction
The title of this Thesis indicates a "broader field 
than is actually covered in the following report. The pre­
sent investigation has been limited to a study of only two 
methods of magnetic testing and special emphasis has been 
placed on the problem of testing iron of high permeability. 
The need for such an investigation became apparent during 
the development of high permeability Vacuum Iron by Prof.
T. N. Yensen of the University of Illinois.
The subject is so broad that, as will be seen later, 
even a special study like the present one is almost too large 
a proposition for a thesis of this kind. The author has as­
sumed that the reader is familiar with the fundamental theory 
of magnetism and will include in the proper place, without 
derivation, a few formulae used as a basis for the develop­
ment of the coils and instrximents employed in the experiments 
carried out.
The fact that the author was assisting Mr, Yensen 
in his research on Vacuum Iron at the same time that this 
thesis was being prepared has proved a decided advantage.
Much of the apparatus has been used for both investigations 
and the results have been used in both when necessary. The 
writer wishes to express great appreciation to Mr. Y"ensen
/for his interest and timely advice both of which have been 
freely given.
II Discussion of the Problem 
viHien iron is used in connection with electric cur­
rents the simple relations become complicated. This is 
due to the fact that the permeability of iron is not a con­
stant quantity but varies with the value of the magnetic 
introduction or with the value of the flu x in the iron.
With electric circuits, it is possible to confine the cur­
rents by insulation and to measure quantities with almost 
any desirable degree of accuracy. If it were possible to 
confine lines of magnetic force and to measure the "mag­
netic potential", then magnetic measurements would be com­
paratively simple. Also if it were safe to make a few as­
sumptions, many difficulties would disappear and this is 
done to a considerable extent in all magnetic experiments 
and calculations. The permissability of assumptions should 
be governed by the degree of accuracy desired in the re­
sults and by the sensitiveness of the iron under test. For 
instance, we may make certain safe assumptions as to the 
conditions of field distribution of an air core solenoid.
If we place iron of a permeability of say, 2000 in parts 
of the magnetic path we may still make certain safe as­
sumptions as to distribution. But if we place iron of a 
permeability of 30000 in parts of the magnetic circuit, 
then we have a problem which up to a year ago was impossi­
ble of investigation. The best grade of iron up to that
_ J
time had a permeability of about 11,600^^, and that value may 
not have been very accurately determined. That value was ex­
ceptional and permeabilities of 7000 were considered high. 
Most commercial testing involves measurements of iron with 
a permeability lower than 6000 so it can be plainly seen that 
methods and assumptions which formerly have been allowable, 
must be more carefully considered or even revised. The dis­
cussion of these points will be given later accompanied by 
the experimental data.
A diagram will make the problem clear. Tig. 1 gives 
two magnetization curves, one (B) for standard transformer 
steel and the other (A) for Vacuum Iron. Both curves are 
plotted from data taken by the same method and therefore 
are open to all the objections with which this paper deals. 
The curve for Vacuum iron is undoubtedly too steep and re­
sults in too high a permeability, but it is given here be­
cause it was this fact which started the present investiga­
tion. During succeeding refinements this curve has been 
changed and finally more nearly approaches what is considered 
to be the true curve for that particular sample of iron, 
(3Si.40c). This sample for curve (A) Tig. 1. was tested 
several times throughout the investigation and it has been 
assumed that there is no "ageing" effect. This assumption 
is made on the generally accepted statement that Silicon 
iron is not subject to "ageing", a condition which was not 
true for the earlier transformer iron.
 ^Gumlich and Goerens, 1912
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Ill Description of Apparatus 
'liflien the present investigation was started, only 
one method of testing was "being used in connection with the 
Vacuum Iron research, viz, the Burrows double bar and yoke 
method. The Howland ring method was not used because it 
was not thought necessary and because it is open to the ob­
jection that the windings must be put on by hand every time 
a sample is to be tested.
A full description of the permeameter constructed 
by the author will be of interest. This permeameter is 
designated throughout this thesis as Ko. 1. Fig. S shows 
a cross-section of the permeameter and Fig. 3 shows a dia­
gram of the circuits. Fig. 4 is a photograph of the oper­
ating table and shows the switch (a) for reversing the mag­
netizing currents and a set of mercury switches (b) for op­
posing the various test coils to each other and for connect­
ing them to the flux-meter (c). The bars and the two yokes 
form a magnetic circuit and the solenoids supply the mag­
netizing force H. The yokes are large in cross section 
and are made of soft iron, hence the leakage of flux due 
to the joints may be neglected. There are four joints or 
air gaps and over the ends of the bars just inside the yokes 
are placed four coils, all connected in series and all tend­
ing to force flux around the iron path in the same direction 
in which the two main solenoids are acting. These four 
coils are called compensating coils and their purpose is to 
overcome the reluctance of the joints. An assumption is
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Coil Data.
T, A aod 0 coils— 10 layers No. 18 B. & S. enameled copper wire, 20 turns per inch per layer (7.875 turns per cm.) 
t and a coils— 64 turns each of No. 30 B. & S. d. s. c. copper wire; c coils 32 turns each of No. 30 B. & S. d. s. c. copper wire— connected 
in series.


made here that the reluctance of all the air gaps is the 
same. It is further assumed that the compensating current 
•vrill exactly overcome this reluctance and that the flux can 
he adjusted so that it will he practically the same in all 
parts of the iron circuit.
The two main solenoids I and A set up a field in the 
same direction around the iron circuit. In testing, the 
hars should he of about the same magnetic quality so that 
the currents in the two mein solenoids will he about equal. 
Ihe current in 0, the compensating coils, is adjusted in 
the following way. There is a coil, called a, of 64 turns 
of #30 B&S h.S.O. copper wire around the iron bar at the 
center of A. There is another similar coll, called t, 
around the center of T, wiLh the single difference that 
the middle point is brought out along with the two ends to 
binding posts. Over each end of the bar in T, 5.5" from the 
center is placed a coil of 32 turns of #30 h.S.O. copper wire 
and these two colls are connected in series and the two to­
gether are called c. By means of the mercury switches shown 
in the photograph, it is possible to oppose either a or c 
against t. In each case the fluxmeter is connected in the 
circuit and if the flux threading one coil is not equal to 
that threading the one opposed to it, there will be a per­
manent deflection of the needle of the meter when the mag­
netizing currents are reversed, first the current in T is 
set to give some desired value of H. Then the current is 
so adjusted in A that when (a) and (t) are opposed and the
currentB in A and T reversed, there ifirill be no permanent 
deflection of the fluxmeter, "Permanent deflection" is 
used because of the fact that the flux in the two rods 
may change at a different rate and the needle may move 
first in one direction and then in the other before coming 
back to the starting place. After T and A have been bal­
anced it is necessary to send enough current through 0 to 
overcome the reluctance of the air gaps. Attention is called 
to the important assumption that the rods are uniform both 
as to diameter and as to quality. If this is true the flux, 
without compensation, will be lees near the ends than it is 
at the center of the rode. This decrease in fl\ix at the 
ends is due to leakage. How what is really done in balanc­
ing is to oppose the two coils at the ends to the c oIIb at
the center of T. This means that if there is no deflection
of the fluxmeter the sum of the fluxes at the ends is equal
to twice the flux at the center. If the flux at the ends
is shown to be less than at the center, as would be the 
case with uniform rods, the current in 0 is increased until 
the fluxes are the same. How on again opposing (a) and (t) 
for balance it will probably be found that the current must 
be again changed in A because of the effect of the compen­
sation. It is therefore necessary to bring the three fluxes 
into a condition of equality gradually, adjusting first one 
and then the other. After experience in this method of 
testing it becomes easier for the tester to adjust the 
currents to their proper values because he can anticipate
the effect of each change in current value. It m s t  be re­
membered that the assumption of uniforiiiity is made and the 
rhole method is based upon the truth of this sssumption. As 
will be shown later it is almost impossible to obtain samples 
of high permeability iron of uniform quality throughout the 
length and it is difficult to turn rods to a uniform diameter 
without runnlrg the costup very high. It can be seen at once that 
if the rod under test were of higher permeability at one end 
than at the center, then even without compensation, the sum 
of the fluxes at the two ends might be greater than twice 
the flux at the center, thereby requiring a negative com­
pensating current to obtain a balance.
(A) The Determination of H - field Intensity
On the main solenoids of Permeemeter No. 1 are ten 
la3fers of jfld Enamel-covered copper wire, woiajad accurately 
with 20 turns per inch or 7.87 per cm. The formula for B 
in an air core solenoid is
B = H = .4 >  NI#
N = turns per cm.
I = amperes 
H = gilberts per cm.
Substituting the constants of the permeameter in the formula 
we get
H = 99 I
I is measured by a Siemens-Halshe Millivoltmeter and set of 
shunts. The following table shows the relation between H, I, 
and the scale deflection of the millivoltmeter,
f G. E. Review, Vol. XIX, No. 5, Mbj 1916, page 353.
8H
SOO
100
50
SO
8
4
5 
1
Shunt (Reading Top Scale. 0-15)
.5
.4
•X
.8
.1
8.OS 
1.01 
,505 
.80S 
.0808 
.0404 
.0208 
.0101 
.00505 
.00404 
.00303 
.00208 
,00101
0-3 
0-3 
0-1.5 
0- .3
0- .15 
0- .15 
0- .15 
0- .15 
0- .15 
0- .15 
0- .15 
0- .003 
0- .003
10.1
5.05
5.05
10.1
8.08
4.04 
2.02  
1.01
.505
.404
.303
10,1
5.05
The value of H for the auxiliary solenoid is measured in 
the same manner as that for the main solenoid. The current 
in the compensating circuit is measured by means of an am­
meter with a full scale deflection of one ampere. This is 
recorded in amperes because there is no need for the value 
of H due to the compensating current, Iq .
-(B)The determination of the Value of B,
The determination of B is as follows, iiround the 
hard rubber tube next to the iron bars are placed the test 
coils mentioned before. The coils are called (t), (a), and 
(cc). The area enclosed by coil (t) is 1.649 sq. cm. After 
the fluxes have been balanced as previously explained, 32 
turns of this coil are connected through the mercury switches 
to a fluxmeter. When the currents in T, A, and G are re­
versed, this flux will cut twice across the 32 turns, and 
an E.M.J'. will be induced in the circuit. When connected 
to the fluxmeter the needle will be permanently deflected.
The suspension of the fluxmeter is practically torsionless
and this fact ms-kes the deflection independent of the time 
of the cutting. In other ■words no matter how slow the change 
in flux the final position of the needle will indicate the 
number of iste,xwells or flux-turn-cuttings. As a matter of 
fact the suspension of the fluxmeter is not absolutely tor­
sionless and there is a pronounced tendency for the needle 
to seek a neutral position. This effect is overcome by set­
ting the needle approximately as far to one side of the 
neutral or rest point before reversing the currents as it 
will go on the other side when the currents are reversed.
The needle is under complete control of the operator because 
it can be stopped instantaneously by the short-circuiting 
mercury switch (g) (see wiring diagram), (Pig. 3).
Prom the above discussion it is evident that if 
10000 lines cut one turn twice (reversal of H), the flux- 
meter will indicate EOOOO maxwells and the deflection will 
be 2 smallest divisions (mm)• By means of a Lamp and Scale 
this deflection is increased by a 15 : 1 ratio. Hence Ig 
centimeters on the 'lamp and scale' equal 1 millimeter on 
the fluxmeter. It was desired to read the value of B di­
rectly and this is accomplished by the following calculation.,
D • fluxmeter deflection in mm.
10000 D ^ " number of cuttings 2
B - ---------
X A N A = area of iron in sq. cm. .7775
M = number of turns 32
B = 201 D Area of coil = 1.649 eq. cm.
A correction is made for the lines that are included in the 
test coil hut are outside the iron. The difference in the 
area of the coil and the area of the cross-section of the 
iron is approximately 1 eq. cm. so the value of fi is sub­
tracted from each reading. Therefore B « (201 D - H)
Form for Tabulation of Resultsiif 
For magnetization curves
iiji D, B
For i^steresis curves
“b  “8 B.m D a B Be
D = fluxmeter reading (mm)
AB - (402 D - ( %  - Hg))
B g  =  Bm -  A B
Bia = (201 D. - % )
(C) Calibration of Fluxmeter
From time to time the fluxmeter was calibrated by 
means of a mutual inductance. The theory and data follow. 
Constants
Length of solenoid = 36 inches
Inside dia. = 3.9 inches = 9.9 cm.
Mean dia. = 4.0 inches = 10.025 cm.
Rad. wire, d * .127 cm.
Pri. turns per cm. * 7.9
Total sec. turns = 126
z
D (equivalent) = - (-)
= \/i0.0252 - .0642 z 10.025- 
A (equivs.lent) = 78.6 cm. sq.
"Complete instructions for testing, Bureau of Standards 
Bulletin No. 17.
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Flux = .4 TT N I A
N = turns per cm,
I * amps.
A = cross-section in sq. cm.
Flux » 78£l = $
Correction due to ends#
K = -,0061 (j)^
Flux (corrected) = (1 - .006)788 I = .777 I 
By passing a knovvTi current through the primary of 
the mutual Inductance, the total flux at the center, which 
is known, can he read on the fluxmeter and in this manner 
the accuracy of the meter can he checked. The maxwells due 
to a certain current are = 8 x 186 x .777 x I = 195.8 I.
^ Bureau of Standards Heprint if 117, page 63,-Univereitv of 
Illinois Bulletin of the Experiment Station hy T. D.' 
Yensen, jf83, page 64,
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IV Discussion of Results from the Burrows Method
The following discussion is Based upon results of 
tests by the Burrows method, permeameter Ho. 1 being used.
The balancing coils were located directly under the compen­
sating coils and the two coils c and c were connected in 
series.
The data on page 13 is typical for rods of high 
and of low permeability. The two rods represented by these 
data were No. 3Si.40C, and H-1. (3Si. 400) is a very high
permeability rod made from Vacuum iron containing 2.96^ 
Silicon, while h-1 is a rod made from standard transformer 
iron. The data are shown graphically in Dig. 5. There are 
several interesting facts which should be noted in connec­
tion with these data.
Dor h = .5, requiring approximately .005 amperes in 
T, the compensating current for H-1 is ,005 amperes while 
for 3Si.400 it is ,05 amperes or ten times as much. At the 
point of maximum permeability for (3Si. 400) the compensating 
current is 32 times as great as the main magnetizing current. 
In Bulletin No. 83 of the Experiment Station of the Univer­
sity of Illinois there are calculations showing that for 
the same permeameter the effect of the ends of all the coils 
when the current is the same in all of them is negligable 
and when the compensating current is 30 times the main cur­
rent the correction is plus 2,3^.
Data for Tig. 5. 
Permeameter No. 1 Burrows Method. 
3 Si,40C Curve A
H
.05
.1
,2
.3
.4
.5
1.0
2.
4.
8 .
20.
50.
D
1.5
37.5
56.0
61.0
63.5
65.0
69.5
72.0
74.0
75.5
78.1 
82.7
B
300
7540
11260
12260
12760
13070
13970
14470
14870
15180
15680
16570
Ha
.05
.18
.40
.55
.70
.81
1.4 
2 . 6  
5.0
9.4 
22.0 
48.0
Hm Bm D a B
.14 0 10000 1.3 520
.14 -.09 10000 24.2 9730
.14 -.10 10000 36. 14470
.14 -.12 10000 47. 18900
6.0 0 15000 3.3 1330
6.0 - .3 15000 66.5 26730
6.0 - .25 15000 64.5 25930
6.0 - .20 15000 58.0 23320
6.0 - .50 15000 69.5 27940
6.0 .50 15000 1.8 720
6.0 -1.0 15000 71.9 28900
6.0 1.0 15000 1.4 560
6.0 -3.0 15000 74.0 29750
6.0 3.0 15000 .5 200
6.0 - .15 15000 37.0 14870
.007
.032
.042
.045
.050
.050
.060
.062
.070
.090
.130
.270
9480
270
-4470
-8900
13670 
-11730 
-10930 
- 8320 
-12940 
14280 
-13900 
14440 
-14750 
14800 
130
Lobs in Ergs per cm 
B|n — 15000 -
10000
926
254
Steinmetz E x p . --- 3.18
Majc. Perm. 75400
H
(c-c) at Position 5.5" 
H-1 Curve B 
D B I.
. 5
1.0
2.0
4.0
8.0 
12.0 
15.0
'-‘m
3.56
3.56
3.56
3.56
3.56 
12.0 
12.0 
12.0 
12.0 
12.0 
12.0
4.2
15.9
33.5
53.5 
69.2
74.5
76.6
He
850
3200
6730
10750
13900
15000
15380
Bm
.5
1.0
1.6
2.7
5.9
9.1
.005
.01
.033
.07
.10
.131
0 10000 
-  .5 10000 
- 1.0 10000 
2.0 10000 
■ 2.0 10000 
0 15000
-1. 15000
-2. 15000
2. 15000
4. 15000
-4. 15000
12.
17.5 
31
2.6
41.5 
23
37.5 
52.8 
12.0
5.5
64.0
H B
4820
7035
12460
1040
16680
9240
15075
21220
4820
2210
25730-
^m
5180
2965
-2460
8960
-6680
5760
-75
-6220
10180
12790
10730
.3 per eye. Loss in Ergs per cm.B per eye.
Bju = 15000 ---  4290
10000 ----- 2160
Steinmetz £x:p.--- 1,69
Max. Perm, 3360
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That ie, Jbhe actual H at the center of the test rod is 
larger than indicated hy the meter for H, This correction 
is significant hut there are evidently other effects besides 
the end effects which result in a much larger increase over 
the indicated value of H, It is expected that the compensat­
ing current should be greater for 3 Si.40 C than for H-1 
since the flux is greater for the former and the compensating 
current will vary directly with the flux, other conditions 
being equal.
Another interesting point is the question of con­
sistency of results. A very satisfactory test that may be 
applied to data of this kind is the test of consistency. The 
exponent in the equation W = kfVB^, known as Steinmetz' ex­
ponent has generally been accepted as about 1.6 for iron. 
Whether this is the correct value or not we may consider the 
consistency of this, constant as calculated from a number of 
tests. Refering to Rig. 5 we see that this exponent is 1.69 
for H-1 and 3,19 for Si.40 0. It is derived as follows. The 
area of the hysteresis loop is proportional to the hysteretic 
loss at a given density. In the present case the loss due 
to hysteresis in ergs per c,c per cycle at ar^ density is 
equal to 318 times the area of the whole loop in square 
inches times the gilberts per cm. per inch of horizontal 
scale. The vertical scale is 4000 lines per inch.
¥ = k.V.f.B^c ¥ = loss in ergs 
K = a constant 
V = volume in cu. cm, 
f * frequency or no. cycles 
B = density per sq. cm,
X » exponent
15
Now if we Itnow the loss for two different densities, we have 
two equations as follows;
Vfl = k.V.f. 10000^
¥g = k.V.f. 15000^
Dividing one by the other,
Wx IQQOO^
W ,
15000^ =
15000^
Wg 10000^
w.
¥p 1
1.5^ = (— _)x
¥ ,
log
X =
^^ 2
¥i
log 1.5 
log ^2
X  =
.17609
¥e may say that the results of the hysteresis data for K-1 
show consistency but that the data for 3 Si.40 0 seems to give 
too high a value for the exponent or in other words the ratio 
of the hysteresis loss for B = 15000 to B = 10000 is too large. 
The residual magnetism for 3 Si.40 0 seems to be very much too 
high and the method is most in error at this point. The mag­
netizing current is reduced to zero in testing for the residual 
magnetism while the compensating current is only slightly re-
16
duced. The compensating current depends upon the amount of 
flux and in a rod like 3 Si.40 0 where the residual is high 
the compensating current will be high and will further in­
crease the residual above its true value. In such a case 
the ratio of Iq to is infinity and the error is greatest 
at this point,
(A) Discussion of iion-uniformity
As stated in the beginning, the most important as­
sumption upon which the accuracy of the Burrows method is 
based is that of uniformity of material and cross-section.
The cross-section may be made as uniform as desired so that 
point may be dropped. So far in this paper all tests con­
sidered have been made with the test coils (c,c) under the 
compensating coils on the T solenoid and 5,5 inches from the 
center. The two coils being in series there is no way of 
telling the actual value of the flux at each end. The average 
of the flux at the two ends equals the flux at the center.
Fig. 6 shows the ideal condition of flux distribution and the 
condition assumed in the beginning. The leakage along the 
rod without compensation is uniform and the droop at the ends 
of the curve is uniform. Theoretically, it is only necessary 
to apply enough compensating current to make the flux at the 
ends or at any point between the center and the ends equal 
to the flux at the center. It is not possible to do this 
x-fithout increasing the flux at the center at the same time 
and that may be expected since the compensating current re­
moves the demagnetizing effect of the leakage. If for any
-6 -S -J
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reason the ends are over compensated, there will be too large 
an increase in the flux at the center. The conditions sho^m 
in Tig, 6 may actually be attained in some cases if the rod 
is very uniform and of low permeability. With high permeabil­
ity iron it is almost ic^jossible to approach the ideal con­
dition, Tig, 7 shows the distribution of flux for several 
values of H for 3 Si.40 0 there being no compensation. Tig,
8 and Tig, 9 show the same condition for (3 Al,££ 0) and 
(3 Si, £7 0). The dashed line shows the diameter at points 
along the length. Tor (3 A1 ££) and (3 Si. 40) the diameter 
is very uniform but for (3 Si. £7) it varies as much as 1$,
A glance at the figure for (3 Si, £7 0) shows at once that 
the effect of end leakage may be entirely hidden by the "poles" 
due to the non-uniformity. It is well to notice that at den­
sities around 14000 lines per sq. cm. the distribution except 
at the ends follows the curve of diameter very closely. At 
lower densities the effect of homogenity is more pronounced 
than that of cross-section.
In attempting to properly compensate 3 Si. £7 the 
average flux at the points plus and minus 5,5 may be made to 
equal that at the center, but this gives no indication as to 
the distribution of the flux between the center and the ends.
As a matter of fact, if the ends were brought to equality 
with the center, for H = 4, the flux at point plus 4 would 
rise very much higher than that at the center since it is 
already higher with no compensation. If the test coils were 
moved to positions plus and minus 3" conditions would not be
/?od No. 3  Si d-0 C
■6 -S  -V -S  -J  0 /
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improved. At H *.4 the average flxix at position + and - 3 is 
greater than at the center and a negative compensating current 
•vfould be required.
It is therefore seen that with such a rod as (3 Si.
87 0) with the coils c,c located either at position 5.5" or 
at 3" there is no indication as to the distribution of the 
flux. Using only one c test coil with 64 turns and opposing 
it to the center might improve some cases but it would make 
others worse. If such a scheme were used with a uniform rod 
there would be no difference between those results and the 
results obtained by using one-half at each end of the rod.
If one end, say the negative, of 3 Si.87 G (see fig. 9) were 
balanced against the center for H = 4, the positive end would 
be raised very much higher than the center and position (+4) 
would be enormously high.
The case of (3 Si.87 0) has been taken up at length 
because it represents a condition that might frequently be 
encountered. However it is better to study a rod more uni­
form in diameter such as (Ho. 3 Si.40 0). The variation in 
the diameter of this rod is at no point more than .001 inches.
What was true of (3 Si. 87 0) will be true of (3 Si, 
40 C) but not to so great a degree. In order to make the 
tests a permeameter was designed and constructed as shown in 
fig. 10,
The maximum attainable E without excessive heating 
is 60. There is only one layer of wire on each solenoid and
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the compensating coils are only one layer deep. The test coils 
are wound on "bobbins and are movable. The tube upon which 
the solenoids are wound is of threaded brass. Over each com­
pensating coil for T there are wound 64 turns of test coil 
and by means of switches either of these coils may be opposed 
to the center test coil. New yokes were made which allowed 
the distance between rods to be 6, 3.5, or 8.5 cm.
In measuring the leakage the point in question was 
balanced against the center of A, that point having been pre­
viously balanced against T. Hence the leakage was read on 
the "Lamp and Scale" mentioned before, one cm. corresponding 
to 6? actual lines of leakage or to a leakage of B = 58. In 
order to introduce no new variable, the distance between the 
bars was 6 cm., this distance being fixed in Permeameter No, 1. 
The tests for uniformity were conveniently made with this 
apparatus. It was found that the leakage near the joint de­
pended entirely upon the clamping and the leakage varied from 
0 to several hundred lines, depending upon the condition of 
the joints. For this reason it was necessary to finish a 
test without changing the clamping of the yokes, and if for 
any reason the yokes vrere removed during a test it was seldom 
possible to check the results taken before removing them.
Fig. 11 shows the distribution for (3 3i.40 0) uncompensated 
at H = 8 and also the distribution when the flux at the ends 
was made equal to that at the middle. The distribution is 
shown for two conditions: one when the positive end is bal-
/^ o o / A /o . S /.  C
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anced ■with the center and one "when the negative end is hal- 
anced with the center. The Burrows method will always 
give a distribution somewhere between the distribution shown 
in this figure for these two conditions of balance. That is, 
in the Burrows method the average of the two ends is balanced 
against the center and the compensating current will be be­
tween the two values used when the ends are balanced separate­
ly. Fig, 11 does not show the increase in the flux density 
at the center because the center was considered the point of 
reference and the leakage at each point v.’-as measured from the 
center. In Figs. 12, 13, and 14 not only the distribution 
but the actual flux densitj’- at the center are shown. The 
vertical scale in these figures is 3, the flux density. A 
study of this set of curves shows that the compensating cur­
rent has a great effect upon the flux at the middle of the 
rod and that there is no way of knowing when the rod is over 
compensated unless it is investigated carefully. The com­
pensation is supposed to reduce the leakage to zero, deducing 
the leakage to zero at any point may make conditions worse 
rather than better.
liVhen a line of force leaves the iron, there is de­
veloped a consequent pole which has s. definite effect on the 
value of H at the center either to increase the flux or de­
crease it. If this same line of force enters the iron path 
again at some point close to where it left the iron, there 
will be developed at the point of entrance an opposite pole 
which will tend to neutralize the effect of the first pole.
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Hence einoe the large amount of leakage close to the joints 
enters the iron again the resultant effect upon the middle 
of the rod may be less than the effect of a smaller amount 
of leakage near the middle of the bar which has no adjacent 
opposite pole to neutralize its effect at the center. The 
law of variation of force with the inverse square of the 
distance also makes it evident that the leakage near the 
ends has lees effect on H at the center than xhe same amount 
of leakage nearer the center. In order to calculate the 
effect of the leakage it would be necessary to know the 
distribution around the entire circuit of iron.
Figs. 12, 13, and 14 show at a glance that the com­
pensation increases the flux at the center and such an in­
crease is desirable only if it compensates for the demagnet­
izing effect of the leakage due to the joints and yokes. It 
can also be seen that if the amount of compensating current 
is determined by the use of test coils as explained above, 
over-compensation will often result. In extreme cases nega­
tive compensation may result from this method which certainly 
leads to errors. It is not possible to proceed without com­
pensation but it is impossible to tell what the true com­
pensating current should be and there are cases in which it 
is impossible xo bring the flux to uniformity over any con­
siderable length of the rod. It might be thought that com­
pensation should be governed by the amount of leakage at 
each joint. This would require four compensating circuits
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instead of one and the testing would he so difficult and te­
dious that the ring method would he the most convenient, 
itirthermore, even if such a scheme were used the results 
would he as doubtful as with only one compensating circuit.
The compensating current is intended to overcome the reluctance 
of a joint. If the rod being tested happened to have a mag­
netic "hard" spot, i.e., a section of the iron of high re-
if'
luctanc^ in the middle .of a "soft" spot, low reluctance, under 
one of the c test coils, then the compensating current at that 
j oint might have to he negative while the others might he 
positive. This would certainly lead to doubtful results.
Hefering to i’ig. 12 the value of B for H = .5, un­
compensated, is 7700 lines, vlhen compensated by balancing 
at -5.5 inches, B was increased to 13,770 and when compensated 
by balancing at -f^ .5 inches B was increased to 14,270. The 
same quality of iron when in ring form gave a value of B =
11800 for H - .5. The ring method as will be sho^m later is 
very reliable and the data for the bars (at H = .5) just given 
are in error somewhere between 17 and 215^ . In testing for 
hysteresis where the main current is reduced to zero while 
the compensating current is not so reduced, the error might 
be much larger. This error in hysteresis is responsible for 
the abnormally high values for residual magnetism as shown 
in the Burrows method.
The preceding discussion of non-uniformity and the 
fact that proper compensation is difficult to attain lead 
one to inquire what effect the compensation will have on the
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magnetization curve of a sample of iron. To show this effect 
two rods were tested, one a very good rod, (3 Si.40 0) and the 
other a very poor rod, (3 Al. 39 A). As expected the effect 
of the compensation was greater for a high permeability rod 
than for one of lovr permeability. The data from these tests 
la. given on page 24 and shows tha.t for the rod of high per­
meability the compensating current brought the flux density 
at the middle of the rod up many times higher than it was 
when the rod was not compensated. The difference was not so 
great for the poorer rod. The data for (3 Si.40 0) is plotted 
in Jig. 15. The permeability is much higher under compensa­
tion than for the same rod not compensated. At densities 
around 15000 lines per sq. cm. the effect of compensation is 
negligable and for H = 50, 100, and 200 it makes no difference 
whether the rod is compensated or not. It can easily be seen 
that this method when applied to rods like (3 Al 39 A) will 
give results very close to the true values. When applied to 
high permeability rods a very slight unbalance in the magnet­
izing current will cause a change in the value of the flux at 
the center of the rod. The test coils (c-c) for the above 
tests were located at position 5.5" from the center, or direct­
ly under the compensating coils. About the only conclusion 
that can be drawn from fig. 15 is that the true magnetization 
curve lies somewhere between the two shown in the figure and 
that the maximum permeability certainly is much above 13060 
and below 51250. Judging from the tests made on the same iron
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Data for Jig, 15, showing the effect of the 
Oompensating current
Rod Ko. 3 A1 39 A
-Odmpensated-----
i^ t Ic D Rja Mu
1 1.15 .025 3 603 603
2 2.45 .033 21.5 4320 2160
4 5.10 .143 42.5 8538 2134
8 9.4 .280 59.0 11851 1480
10 11.4 . ;530 63.2 12693 1269
20 20. 1715 74.5 14954 747
50 44. off 83.5 16733 334
100 78. off 89. 17789 177
200 190. none 96.5 19196 95
Rod No. 3 Si.,40 0
.1 .12 .021 25.5 5125 51250
.2 .26 .025 39.0 7840 39200
.3 .38 .027 44.0 8844 29480
.5 .63 .030 52.5 10550 21100
1. 1.22 .030 63.5 12760 12760
2. 2.53 .047 71.5 14370 7185
4. 5.57 .066 74. 14870 3717
8. 10.6 .082 76.5 15370
20. 24.0 .132 78.5 15760
50. 54. .283 82.8 16590
100. 100. . 562 88. 17590
— Non-compensated--
0
0
0
0
0
0
0
0
0
0
0
D B■m
0
0 72.
0 83.
0 
0
89. 17789
96.5 19196
1.5
5.5 
14.0
32.5
56.5
69.5 
73. 
76. 
78. 
82.8 
88.
300
1100
2814
6530
11355
13970
14670
15270
15660
16590
17590
Mu
0 2 402 402
0 10.8 2170 1085
0 32.7 6570 1642
0 52. 10444 1305
57. 11447 1144
14252 
16633
712
332
177
95
3000
5525
9380
13060
11355
6985
3867

in ring form we may say that the maximum permeability is 
about half way between the two values on fig. 15,
V The Hing Method of Testing
The second part of this thesis consists of a dis­
cussion of the Howland ring method or the Ballistic method 
of magnetic testing. As far as results are concerned this 
method seems to be entirely satisfactory. There are objec­
tions which will be taken up later and there is no doubt 
that it is desirable to have a method like the Double bar 
and Yoke method in which the samples are interchangeable and 
in bar form. This is especially true of commercial testing.
Discussion of the Method
The theory of this method is quite simple and the 
process of testing is much simpler than that used in the 
Burrows method. The iron to be tested is in the form of a 
ring and if we assume uniformity of reluctance, there will 
be no consequent poles to interfere with the results. All 
that is needed is a uniform primary winding and a secondary 
winding which may or may not be uniform. The rings experi­
mented with by the author were of the following dimensions; 
outside diameter, 4,8 cm.; inside diameter, 3,8 cm,; width 
1 cm,; cross-section, rectangular. In putting on the wind­
ings care must be used to keep from straining the iron. First 
a layer of varnished cambric is wound over the bare Iron,
This is followed by about 100 turns of #30 B, S. D,S.O, 
copper wire, wound nearly uniformly around the ring. Over
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this is wound another layer of varnished oambric and on the 
outside, a layer of about 100 turns of #81 B. & S D.0.0. 
wire wound uniformly, the -ourns touching on the inside and 
lying evenly spaced on the outside. The set-up used is the 
same as that for the Burrows method, (see ^ig. 3) the only 
difference being that only one magnetizing circuit was neces­
sary.
Limitations and objections to the ring method 
As is veiy evident, the winding is closer together 
at the inside of the ring than at the outside. This results 
in a higher H at the inside than at the outside. Even if this 
difference did not exist, there would be a crowding towards 
the center of the lines of force. Hence, the flux is not 
uniformly distributed over the cross-section. In measuring 
the values of B and H this error can not entirely be taken 
into account. The total flux is divided by the area to get 
the density and this density is divided by the average H to 
get what might be termed the average permeability. There is 
a part of the iron at the inside of the ring that is actually 
at a higher density than the average. Hence the permeability 
computed will be somewhat less than the actual maximum per­
meability. This discrepency may, however, be small enough 
to be negligable. The error will probably be higher for iron 
of very high permeability, Morton G. Lloyd# has worked out 
a correction to be applied to the K at the center of the 
cross-section. This correction will correct for the non-uni­
formity of distribution of the primary winding and the cor- 
# Bureau of Standards Bulletin, Vol. 5, Ho.3.
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rected H is called the average H. It will not however cor­
rect for the fact that the lines will naturally crowd to the 
inside of the ring, on account of the lo7,rer reluctance of the 
shorter path. If the ratio of the thickness of the ring to 
the diameter is small this crowding effect will he minimized. 
The rings tested in this investigation were 2 millimeters 
thick and the average diameter was 4 centimeters so the ratio 
of T to D is.05. From Lloyd's curve the constant for this 
ratio is found to he 1,004.
The calculations for H (average) follow;
H (at center) - ,4 7^  N.I./7r D = .4 Sf.I./D
M = total turns 
I » amperes 
D - diameter in cm,
H (average) = 1.004 (,4 N.I./d )
Calculations for B,
B = 10000 d/ A.N.X.
d = fluxmeter deflection in mm.
A = cross-section of iron
N = number of sec. turns
X = no. of cuttings (2 for rev.)
The procedure is identical with that for the Burrows method. 
Due to the small number of primary turns per cm. it was im­
possible to carry the value of H higher than 60 gausses which 
requires 6 amperes of magnetizing current in the primary 
winding.
There are several objections to the ring method be­
sides that of nonuniformity. They are, however, not objec-
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tions as to results tut as to the commercial use of the method.
(a) The Turinding must he put on hy hand which is a tedious 
process. ^
(h) It is difficult to wind the primary uniformity.
(c) Samples in ring form cannot he used for specific re­
sistance determination.
Passing over these ohjections we may proceed to a 
consideration of some results of tests hy the ring method.
VI Results of teste hy the Ring method
Prom a consideration of the following results the 
author is inclined to think that the ring method is entirely 
satisfactory for testing iron of any permeability. It seems 
that there is a fixed relation between the ratio of the thick­
ness to the diameter and the accuracy of the measured per­
meability. That is, the permeability will he higher and more 
nearly correct for lower values of t/d . This is due to the 
decrease in the tendency for the lines to crowd to the center 
in rings having a small T/d ratio. There is therefore an 
ideal case in which this ratio would he very email and the 
permeability measured would he the correct value.
As explained before^a test that can he applied to 
results of this kind is the test of consistency of Steinmetz' 
exponent in the equation,
W = k. f .V.B^c k = a constant
f = frequency in eye. per sec, 
V = volume of iron in cu. cm. 
B = density in gausses 
X * Steinmetz* exponent
1
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Of course there is always the question as to whether this 
exponent should be the same for iron of high permeability 
and for iron of say, 2000 permeability, but from recent in­
vestigations# there is every reason to believe that the 
Steinmetz law holds for high permeabilities as well as low.
At any rate the test of consistency for "x" for iron samples 
of somewhere near the same magnetic quality should not be 
affected by this doubt. As a matter of fact the ring method 
gives results which^show a remarkable consistency for iron
'T
Of permeabilities from 1000 to 30000.
The following table gives values of permeability; 
lose in ergs per cu. cm, per cycle, at B-15000 and B-10000; 
and the calculated exponent both for the Burrows method and 
for the Ring method. This data covers tests for 27 rings 
and for 35 rods. The permeameter used in the Burrows method 
is described in the early part of this paper as No. 1 and 
the accuracy of the results has been discussed previously.
The results for the rods are given here to bring out the ex­
ceptional consistency of the ring method.
In Tig. 16 this data is plotted with the exponent as
ordinates and the permeability as abscissae. The horizontal
line is drawn through the average value of the exponent for
27 teste and it is surprising to note that this average is
1.66 while the same exponent was published in 1892 by Stein-
metzlj? as being 1.6. This evidence seems to the author to be 
# T. I). Ball in G. E. Review, May, 1916.
## Proc. A.I.EE for 1892.
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entirely conclusive as to the reliability of the ring method.
i^nother test which may be applied to hysteresis data 
and one from which conclusions may be drawn is as follows.
It is rightly assumed that a high permeability indicates an 
iron of low hysteresis loss. i’ig. 17 is plotted from the 
data on page 31 and the curve is draYm through the solid 
center points which were taken by the Sing method for rings 
with a ratio t/d = .05. The open center points are plotted 
from data taken by the Burrows method and their purpose is 
to show the inconsistency of the Burrows method. The curve 
is very regular and shows that for high permeability an in­
crease in permeability has little effect upon the hysteretic 
loss. The points for the Ring method are wonderfully con­
sistent. Attention should be called to the points which are 
marked with a cross and circle. These points are for the 
Ring method and the dashed curve is drawn through them. The 
iron for this curve was in the form of stamping rings of dif­
ferent thicknesses. The ratio t/d was .114 while for the 
other solid rings it 'svas .05. It has been mentioned before 
that the larger the ratio t/d , the greater the error in the 
ring method. The hysteresis data should be more reliable 
in this case than the maximum permeability. We might assume 
that if t/d were very small the maximum permeability values 
would need no correction. Then for the solid rings (T/d = 
.05) the data would not be so much in error as for the rings 
made up of stampings (T/d = .114). The ratio between T/d
Ring Method Data for Fig. 17 Burrows Method 1
Sample Max. Loss Loss Sample Max. Loss Loss 31
No. Perm, 15000 10000 Exp. No. Perm. 15000 10000 Exp.
4-Olc 14300 2065 986 i . % S05c 44800 1210 407 2.69
4-Ola 4120 5380 2700 1.63 S06c 66500^ 915 286 2.87
4-03C 17000 1755 852 1.78 S06h 47000 965 394 2.19
4-03a 3500 4950 2570 1.62 S07c 36000 1344 436 2.78
S39cb 27000 853 445 1.61 S08c 44800' 1410 446 2,85
4-02a 4000 5660 2800 1.73 S09c 22500 1880 526 2.37
4-08c 16500 2010 930 1.90 SlOc 31150^ 1362 536 2,30
j4-04a 2450 6520 3690 1.40 Sllc 25000" 1620 600 2.45 1
4-04c 16300 1880 890 1.83 S12c 38000 1650 467 3.09
A18a 1430 8950 4580 1.65 S13c 80300 8220 851 2,55
A2Ea 1425 7900 4130 1.53 S14c 30800"^ 1760 540 2.92
S48al 1675 8960 6420 1.78 S15c 37000 ^ 1340 502 2.41
S48a2 1040 11300 1.29 315b 21800^ 1550 705 1.96
S48a3 1790 7000 1.56 S16c 88000" 1600 705 2.02
S48a4 1710 7730 1.58 316b 25000 1770 795 2.22
S48cl 7520 1945 1020 1.62 317b 30000- 1310 496 2,74
S48o2 6380 2920 1420 1.78 318b 14300 2170 935 2.06
S48c3 7590 1715 890 1.62 318c 33000 . 1110 417 2.42
S48c4 8190 2035 1030 1.68 381b 20000^ 1930 1030 1.54
S44cl 6130 2420 1805 1.71 S81c 27000'" 1660 700 2.14
S44c2 5330 2650 1370 1.64 S28c 45250^ 930 393 2.11
S44c3 8790 1628 789 1.73 382b 14500^ 1980 867 1.70
S44c4 10700 1510 750 1.77 S23b 15400-^ 2200 1120 1.67
S39ca 27000 738 372 1.68 323c 30200". 1530 650 2.11
S40c 29600 709 356 1.69 325b 80000^ 1390 560 2.24
S27c 46800^ 1260 403 2.80
S27b 16800"' 1775 820 1.89
The figures 1, 3. 3, and 4 S28b 16100 1570 625 2.28
after No, S48c and 344c stand 388c 30200 1170 403 2.63
for stampings of the following 389c 18800 2630 780 2.99
thickness respectively; .023 - S29b 9000 "" 8010 445 2.34
,013 - ,056 - ,037 inches. 340c 72500 -"r 926 254 3.13
4-Olc 13400^ 2190 1080 1.74
4-03c 19900 "" 1760 865 1.74
AO 5b 24300 2840 986 1.92
A05c 19760 1908 807 2.12
A06b 18500 2060 985 1.81
A06c 80500 1971 782 2.28
AO 7b 18300 1715 750 2.04 1
A08B 30000 1470 795 1.53
A080 28100 1368 700 1.66
a09B 10750 2740 1287 1.99
A090 11000 3080 1368 8.01
AlOB 11850 2680 1270 1.84
AllB 13700 8670 1113 2.16
A12A 1400 .14000 7450 1.56
a 18A ISOO'^ 9600 6480 .97
A19B 17800 2060 954 1.90
A20B 14000 2450 878 2.53
A21B 10700 3240 1650 1.66 1
21A 967 14600 8460 1.35
22B 6500 4590 1930 2.09
23B 12300 2680 1195 2.00
23A 2400 8970 5080 1.41
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and the amount of error is not known but it is safe to assume 
that the true permeability is higher than shown in Fig. 17 or, 
in other words, the curve should lie to the right of i,he 
position it occupies and the distance which it should be 
moved is greater for the rings having the higher permeabil­
ities.
VII Conclusion
Fig. 18 is given to show that within the limits of 
the apparatus, the Burrows method applied to uniform bars 
will give results that are consietant with results that liave 
been generally accepted, uurve A is plotted from data taken 
by the ring method and although the iron shows a hiaximum 
permeability of 29600, the riysteresis data is normal and the 
exponent (x) is 1.68. Curve B is plotted from data taken by 
the Burrows method and is also entirely normal, the exponent 
being 1.69. The iron for curve B shows a maximum permeabil­
ity of 3360. This bears out the theory that for uniform bars 
of low permeability (about 3000), the Burrows method is en- 
rirely satisfactory while the ring method is entirely satis­
factory for all known permeabilities.
